P3HT (poly (3-hexylthiophene)) has been widely used as a donor in the active layer in organic photovoltaic devices. Although moderately high-power conversion efficiencies have been achieved with P3HT-based devices, structural details, such as the orientation of polymer units and the extent of H-and J-aggregation are not yet fully understood; and different measures have been taken to control the ordering in the material. One such measure, which has been exploited, is to apply an electric field from a Van de Graaff generator. Fluorescence (to measure anisotropy instead of polarization, which is more commonly measured) and Raman spectroscopy are used to characterize the order of P3HT molecules in thin films resulting from the field. Preferential orientations of the units in a thin film are determined, consistent with observed hole mobility in thin-film transistors, and it is observed that the apparent H-coupling strength changes when the films are exposed to oriented electrical fields during drying. have been taken to control the ordering in the material. One such measure, which we have exploited, is to apply an electric field from a Van de Graaff generator. We used fluorescence (to measure anisotropy instead of polarization, which is more commonly measured) and Raman spectroscopy to characterize the order of P3HT molecules in thin films resulting from the field.
INTRODUCTION
Π-conjugated polymers (-CP) have been of considerable interest and applicability since their discovery. [1, 2] The combination of the properties of metals and semiconductors, mechanical properties such as tensile strength, ductility, etc., and the ease of processing gives these materials a very important role in the development of organic photovoltaic (OPV) devices. Among the polymers used for solar cells, P3HT (poly (3-hexylthiophene)), is the most extensively studied.
The efficiency of P3HT-based solar cells typically lies in the range of 4-6 %; [3] [4] [5] [6] [7] and in similar polymers, such as poly[ [4,8- as ~10% has been achieved. [8] The two main challenges that P3HT-based solar cells face are: (1) poor overlap between the absorption spectrum of P3HT and the solar spectrum; and (2) structural defects. The first can be somewhat alleviated by making the film thicker, ensuring sufficient absorption of solar light.
On the other hand, owing to the small exciton-diffusion length and the large charge-transfer radius (4.8 to 9 nm), excitons reach interfaces by swift delocalization in P3HT domains instead of by diffusion. [9] Disorder in the polymer matrix, however, limits the carrier mobility. [10] Studies directed towards reducing structural disorder and, thus, increasing carrier mobility are fundamental to enhancing the efficiency of these materials. Thermal annealing, [11] [12] [13] solvent annealing, [14, 15] slow growth, [16] epitaxy, [17] and the use of shear forces, [18, 19] high boiling solvents [20, 21] and solvent additives [22, 23] have been explored as a means to attenuate the problem.
Electric fields have previously been used to align [24] or to generate a particular morphology of nanomaterials. [25] There are also a few reports in the literature concerning the orienting of P3HT
"nanofibers" in microchannels by the field between two electrodes. [26, 27] Attraction of the P3HT solution towards the cathode is believed to be a result of the generation of positive charge in the nanofibers owing to solvent-P3HT interaction preceding their alignment. [26, 28] There is not, however, any report concerning the orientation of P3HT polymer units using a unipolar electric field while the polymer solution is spin coated on an ITO substrate. To date, studies have only been performed on P3HT nanofibers (i.e., crystalline phases). As there is a possibility of forming amorphous phases in addition to crystalline phases while the film is drying, there is the possibility of orienting the polymer units in the both phases and producing a concomitant change in charge mobility. [29] In other words, it is possible that the orientation of the P3HT polymers in the amorphous phases can also play a role irrespective of crystallinity itself, which has previously been studied in a microchannel. [26, 27] While crystallinity can, of course, provide strong orientational effects, it is important to note that the carrier diffusion length in P3HT is very small (less than 2 nm [9, 30, 31] ) and that amorphous character may be helpful in connecting nanocrystalline domains. Thus, understanding the molecular ordering of P3HT is critical when using these thin films as active layers in various electronic devices.
Here we investigate the use of steady-state and time-resolved fluorescence anisotropy along with polarized Raman spectroscopy to characterize the orientation of the polymer units.
(Although several reports have appeared in the literature using polarization to investigate ordering of P3HT nanofibers, [26, 27, 32] our study is the first to measure the anisotropy, a quantitative measure of orientation, as rigorously defined below in equation 1.) Consistent with our anisotropy measurements, we observed an enhancement of in-plane charge mobility in the films exposed to an electric field. [29] Barnes and coworkers have studied P3HT nanofibers with polarized time-and wavelength-resolved fluorescence microscopy. [33] They showed that the dominant inter-chain exciton coupling (H-aggregation) in low-molecular-weight nanofibers changes to predominantly intra-chain coupling (J-aggregation) for high molecular-weight nanofibers. [33] In thin films, P3HT remains a weakly coupled H-aggregate, [34, 35] although varying amounts of inter-and intrachain coupling can be observed depending on the molecular weight, processing conditions, and other parameters. [36] We show that an applied electric field can change the effective coupling strength in the polymer and that these orientational changes can be effectively probed by spectroscopic techniques using polarized light.
EXPERIMENTAL SECTION

Solution preparation.
Neat P3HT (92% regio-regular) with molecular weight 70 kDa (1-Materials, Inc., Dorval, Québec, Canada) was dissolved in 1, 2-dichlorobenzene (DCB) with a dilution of 20 mg/ml. The solutions were stirred at 850 rpm on a hot plate at 50°C and then filtered.
2.2.
Substrate preparation under an E-field. Indium tin oxide (ITO)-coated glass slides (25-mm × 25-mm) (Delta Technologies, Loveland, CO) were cleaned following the method described by Chaudhary et al. [37] The solution-processed -CP based films were subjected to an electric field immediately after they were formed by spin coating at 500 rpm for 40 s while they were still wet. This was accomplished by placing the coated substrates around a
Van de Graaff dome in three different orientations: 0°, 45°, and 90° relative to the normal of the surface of the dome (Figure 1) . The field strength was approximately 5.88 kV/m at the surface of the generator's dome, and the films were kept at a distance of approximately 1 cm from the surface of the dome. Furthermore, the degree of crystallinity in our P3HT films has been calculated following the procedure described by Hashimoto and co-workers [38] : a value of 39% is obtained ( Figure S1 ).
2.3
Steady-state fluorescence measurements: Excitation anisotropy. These were performed with a Spex Fluoromax-4 with a 4-or 5-nm excitation and emission bandpass and corrected for lamp spectral intensity and detector response. The steady-state spectra were collected using a front-faced orientation. Glan-Thompson polarizers were appropriately placed before and after the sample. A 550-nm long-pass filter was used to eliminate scattered light.
Excitation spectra were collected with a 720 ± 5-nm interference filter. To obtain the excitation anisotropy spectra, the films were excited with vertically polarized light, and emission polarized both parallel and perpendicular to the excitation polarization was collected. The anisotropy (r) was computed as [39, 40] :
Note that the anisotropy, as defined in equation 1, differs from a frequently used quantity, the polarization, by the presence of the 2 in the denominator. The factor of two normalizes the difference in || and ⏊ to the excited-state lifetime of the fluorophores, since the denominator in equation 1 is proportional to the excited-state lifetime. [39, 40] More importantly, the anisotropy is rigorously defined to have values such that -0.2 ≤ r ≤ 0.4. [39] These limits on the value of r provide an invaluable means for gauging the precision of the experimental measurement: e.g., the quality of the polarizers employed and whether they are properly aligned parallel or perpendicular to each other; the optical quality of the sample (scattering can provide spurious results); and the wavelength dependence of the grating and optics of the spectrometer.
Because the grating and optics of a monochromator may be sensitive to polarization, a correction factor must also be determined. Such a factor, g, is obtained by taking the ratio of two spectra of a dye in solution. (Here we used ATTO 655 in water, as its absorption and emission spectra overlapped those of P3HT). Insofar as the dye can be considered to be freely rotating on the time scale of the measurement, || and ⏊ should be identical, regardless of the excitation polarization. Any differences in || and ⏊ must thus be attributed to the monochromator and detection optics. As discussed in our previous work and that of other groups, [41] [42] [43] [44] the steadystate anisotropy, corrected for instrumental polarization dependence, is thus given by:
Where the notation , indicates fluorescence obtained using excitation light polarized vertically to the plane of the table and collected vertically to the plane of the table.
, , similarly,
indicates vertical excitation and horizontal collection. The correction factor is given as:
. Measurements were repeated at least three times. The optical system was optimized by comparing results with those obtained from the excitation anisotropy of hypericin, which emits in the same region and which we had reported previously. [41] 2.4 Time-resolved fluorescence measurements. These were obtained with the timecorrelated, single-photon counting (TCSPC) technique. The apparatus for time-correlated, singlephoton counting is described elsewhere. [45] Our system provides an instrument response function whose full-width at half-maximum (FWHM) is ∼40-50 ps. Experiments were performed in a front-faced orientation. Crossed polarizers provided an extinction of 10 5 . An interference filter at 720 ± 5 nm was used to collect photons, to be consistent with the steady-state measurements.
Fluorescence lifetimes were measured with a polarizer oriented at "the magic angle," 54.7˚ to the vertical in order to prevent depolarizing events from skewing the measured fluorescence lifetime. [46] For each sample, fluorescence lifetime and anisotropy decays were measured at three random locations on the sample. Fluorescence decays were best fit to two decaying exponentials, after deconvolution with the instrument response function. The time-dependent anisotropy, r(t), was constructed using the equation 1 and was well described by a singleexponential decay. The parallel and the perpendicular traces were collected for equal amounts of time, during which the incident excitation power remained constant. This resulted in the overlap of the "tails" of the parallel and perpendicular traces at sufficiently long times, thus obviating the need for "tail matching." [40, 44] 2.5 Raman measurements. All Raman spectra were collected using a lab-built microscope system (Leica, Wetzlar, Germany) with a 532-nm laser excitation (Sapphire SF 532-nm 150 mW, Coherent, Santa Clara, CA) after the fluorescence measurements were completed.
The laser beam was expanded with a 10× beam expander in order to backfill a 10× Leica microscope objective with a 0.25 numerical aperture. The laser spot size after the objective was Instruments, Austin, TX) was used to move 1 mm to each new location. The spectra were collected for 10 s with 2 accumulations and illuminated with 1.09×10 4 W/cm 2 , which is a low enough power density to avoid film degradation. [47] Two accumulations were used in order to remove cosmic rays.
Polarized Raman spectra were also collected on the P3HT films from the center of the film. The excitation polarization was controlled by a half-wave plate, and was set to spolarization. A linear polarizer was placed at the side port of the microscope to collect either sor p-polarized Raman scattering. A second linear polarizer set 45° to the collection polarizer was placed before the spectrometer to correct the spectrometer response function. [48] The ratio of the scattered light intensity with the detection polarizer set to p (Ip) to the intensity with the detection polarizer set to s (Is) was calculated. Benzene was used to test the instrument setup (Ip/Is 0.035 ± 0.009 at 991 cm -1 , 0.77 ± 0.02 at 1171 cm -1 and 0.783 ± 0.009 at 1588 cm -1 ), and similar ratios were obtained to those found in literature. [48, 49] The polarized spectra were collected for 30 s with 2 accumulations at a power density of 1.32×10 4 W/cm 2 .
Igor Pro 6.36 (Wavemetrics, Lake Oswego, OR) was used to correct for background and to analyze the Raman spectra. The spectra were fit with a linear baseline and to a Gaussian function from 1250 to 1550 cm -1 with Igor Pro's batch fitting macro. The full-width at halfmaximum (FWHM) and peak amplitudes were extracted from the fits. nm and the 0-1 transition at ~720 nm. [50] In particular, the ratio between the intensities of these bands (Sr = I0-0 /I0-1) is indicative of the resultant H-coupling strength in the polymer chain. [51] In H-aggregation, the columbic interaction arising from the side-by-side stacking of the chromophores between the chains of the crystalline films is suggested to suppress the 0-0 transition, yielding Sr < 1. [51] In contrast, in J-aggregation, the head-to-tail conformation of chromophores is suggested to enhance a one-dimensional intrachain interaction, increasing the intensity of the 0-0 band, yielding Sr > 1. [51, 52] In addition, emission spectra exhibit red shifts for H-aggregation; blue shifts, for reduction of effective H-aggregation strength.
Polarized emission spectra of neat P3HT films are presented in Figure 2 . The results are summarized in Table I . For emission collected parallel to the excitation polarization (Figure   2a ), the 0-0 peak of the normalized steady-state spectra decreased with increasing angle of the applied E-field, and was always less than 1. Such low values of Sr, coupled with the spectral red-shift with increasing E-field angle, suggest H-aggregation. In contrast, for emission collected perpendicular to the excitation polarization, Sr was consistently higher than for the parallel case. This suggests an decrease of apparent H-coupling strength, which is consistent with the attendant spectral blue shift with E-field angle (Figure 2b) . [53] Thus, the polarized emission spectra are sensitive to the extent of H-and J-aggregation of the film, induced by the applied electric field. The values of excitonic coupling (J0) in the different films are also given in Table I . [53, 54] Several optical methods have been used for studying the orientation of units in polymers, for example: polarized UV-Vis absorption, [17, 26] polarized electroluminescence, [32] and polarized emission. [55] We note, however, that while these orientational measurements often are discussed in terms of the "anisotropy" of the sample, the anisotropy is not measured in the sense of equation 1. Because simple polarization measurements are not subject to theoretical upper and lower bounds, this renders comparisons between different experiments difficult. A good example of this difficulty is an attempt to compare our results with those of Lobov et al. [26] Although there are differences in the methods of sample preparation (we subject P3HT films to an electric field while they are drying; they place a P3HT nanofiber solution between two electrodes), nevertheless, we only use an electric field of 5.88 kV/m while they use a field of 600 kV/m. One would expect the higher field strength to yield a greater degree of orientation, but they report very small orientational effects. It is difficult to determine the origin of this discrepancy because of the arbitrariness which simple polarization measurements are subjected to.
Also, while polarized absorption provides some information that is comparable to our fluorescence anisotropy measurements, absorption is much more subject to artifacts arising from scattering in solid samples. Scattering can become even more problematic in very heterogeneous samples. Polarized electroluminescence is limited to semiconductor materials, and it does not address the possibility of losing anisotropy in other processes, such as molecular rotation and coupling between chromophores. Also, a nonuniform electric field, an anisotropic distribution of trap states, and molecular reorientation will directly alter the electroluminescence intensity.
Finally, while emission anisotropy is a powerful tool (especially if time-resolved data are acquired and if care is taken to quantify rigorously the anisotropy) it is most useful when coupled with the excitation anisotropy. anisotropy spectra, constructed as described above, of P3HT films prepared at angles of 0°, 45°, and 90° with respect to the E-field, are presented in Figure 3 (left ordinate). In all cases, the anisotropy decreases from 0.35-0.40 (0.40 being the theoretical maximum [39] ) at the reddest edge of the excitation spectrum (~690 nm), to 0.10-0.17 at the bluest part of the excitation spectrum that we excited (400 nm). Our ability to attain an anisotropy near the theoretical upper limit confirms the proper alignment of our apparatus and good extinction of the excitation and analyzer polarizers. Most importantly, however, there is a clear and reproducible decrease in the anisotropy of the entire spectrum in going from an angle of the applied electric field of 0˚ to 90˚.
The lowest values of the anisotropy occur when there is no applied electric field. Thus, the 0˚-film exhibits the maximum anisotropy, that is, preferential orientation of the polymeric units in the plane parallel to the substrate. This is consistent with measured hole mobility in P3HT-based transistors, which showed an enhancement: 12.1×10 -3 cm 2 V -1 s -1 for the 0˚-film, as opposed to 7.13×10 -3 cm 2 V -1 s -1 for the film that was not exposed to electric field. [29] 3.2 Time-resolved fluorescence measurements: Fluorescence lifetime and anisotropy decays. Time-resolved polarized emission of P3HT films is presented in Figure 4 .
The parameters for the decay of the fluorescence lifetime and anisotropy of the P3HT films are summarized in Table II (Table II) , as expected. This result provides another check on the accuracy of the steady-state anisotropy measurements presented in Figure   3 . The fluorescence depolarization times, i.e., the decay of the anisotropy, are on the order of a nanosecond. This is not attributed to rotational motion of the polymer film but rather to electronic coupling between the chromophores in the polymer, for which there is precedent for organic molecules. [44, 56] 3.3 Raman measurements. Raman spectroscopy can be used to characterize polymerbased organic photovoltaic device morphology by measuring changes in the full-width at halfmaximum (FWHM) and the resulting polarization of the scattered light. [47, 48, [57] [58] [59] [60] Extensive work on P3HT aggregation has been reported by Grey et al. [61, 62] They classify P3HT films with a ratio of the peak intensities for aggregated and unaggregated chains (I1450 cm -1 /I1470 cm -1 ) greater than 1.5 as highly aggregated chains with correlated planarity and an average intrastack chain-tochain spacing of approximately 3.8 Å. Table III presents measured parameters for the P3HT carbon-carbon double bond peak at 1450 cm -1 for films prepared in the absence of an external electric field, or with an electric field oriented in the noted directions. These parameters were also measured for a P3HT crystal. Representative spectra are presented in , [61, 62] these are highly aggregated chains with intra-and inter-chain order and long conjugation lengths.
The ratio of the polarized Raman scattered light is statistically lower for the 0°, 45°, and 90° films ( Table III) 
CONCLUSIONS
We have shown that the P3HT polymer units can be oriented when the films are subjected to a unipolar electric field of ~5.88 kV/m generated by Van de Graaff dome as they dry and that this orientation can be probed effectively by steady-state and time-resolved fluorescence anisotropy measurements. It is important to note that the degree of orientation is weak, which is likely a consequence of the relatively poor regio-regularity (92%) and the MW (which is well above the MW threshold for polymer self-folding). [17, 33] Though electric fields have been used previously to align nanofibers, they were performed under a very controlled experimental conditions and in a microchannel between two electrodes. Ours, however, is an easy and efficient method to use in conjunction with thin films prepared directly from P3HT solution where amorphous domains are present (degree of crystallinity is 39%), though the study by Srinivasarao and co-workers strongly suggest that this ordering is mediated by a liquid crystalline phase. [63] The highest degree of ordering, as quantified by the limiting anisotropy (r0 for the steady-state measurement; r(0), for the time-resolved measurement), is attained when the electric filed is parallel to the film, as depicted in Figure 1 . In agreement with the anisotropy measurements, hole mobility in P3HT-based transistors increases when the films are exposed to electric field. The 0˚-film shows a 1.7-fold enhancement over control film (E = 0). The polarized emission spectra are also sensitive to the orientation of the electric field (Figure 2 and Table I ) as quantified by the ratio of the first two vibronic transitions, which are in turn related to the extent of H-or J-aggregation. Finally, polarized Raman experiments suggest differences between the samples in the presence and absence of electric field. Taken as a whole, these results suggest that the polymeric units of P3HT can be ordered with an electric field, that this ordering can be probed and quantified by spectroscopies using polarized light, and that applying an electric field in excess of 5.88 kV/m to drying films of P3HT could be beneficial in improving the performance of organic solar cells-or in systems where in-plane mobility is important. Peak location and FWHM values do not change. The relative intensities of Ip/Is, however, do change for the samples prepared in an external electric field as reported in Table 3 . a Data summarized from the polarized fluorescence spectra presented in Figure 2 . which is consistent with the reported values in the literature. [64] The values of the two lifetime components are similar in the films exposed to electric field.
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